H eterozygous germline GATA2 mutations strongly predispose to leukemia, immunodeficiency, and/or lymphoedema. We describe a series of 79 patients (53 families) diagnosed since 2011, made up of all patients in France and Belgium, with a follow up of 2249 patients/years. Median age at first clinical symptoms was 18.6 years (range, 0-61 years). Severe infectious diseases (mycobacteria, fungus, and human papilloma virus) and hematologic malignancies were the most common first manifestations. The probability of remaining symptomfree was 8% at 40 years old. Among the 53 probands, 24 had missense mutations including 4 recurrent alleles, 21 had nonsense or frameshift mutations, 4 had a whole-gene deletion, 2 had splice defects, and 2 patients had complex mutations. There were significantly more cases of leukemia in patients with missense mutations (n=14 of 34) than in Introduction GATA2 gene encodes a transcription factor critical to hematopoiesis characterized by the presence of two zinc finger domains. Since 2011, heterozygous germline mutations in GATA2 have been reported to cause a complex and heterogeneous syndrome consisting of myelodysplasia (MDS), acute myeloid leukemia (AML), 1 monocytopenia mycobacterial infections/dendritic cell, 2 monocyte, B and natural killer (NK) cell deficiency (MonoMAC 3,4 /DMLC), 5 and lymphoedema (Emberger syndrome). 6 The mutational spectrum of GATA2 is heterogeneous, consisting of missense mutations mostly located within the highly conserved C-terminal zinc finger domains, null mutations mostly located upstream the zinc finger domains, splice site defects, mutations in the enhancer located in the intron 4, 7 and, more rarely, exonic and whole-gene deletions.
Apart from hematologic and infectious phenotypes, additional clinical presentations have been described in the last six years, such as aplastic anemia, 8 pulmonary alveolar proteinosis, 9 dermatological, 10 autoimmune or vascular features. So far, a total of 158 patients with a germline GATA2 mutation have been reported in 4 large surveys. [11] [12] [13] [14] Except for lymphoedema which is more frequent in patients with null or regulatory mutations, no correlation between the type or location of the GATA2 mutation and the clinical/biological phenotype have been established in previous reports.
We now report a large multicenter survey which brings together all the patients that have been diagnosed in France and Belgium since 2011, i.e. 79 patients with a heterozygous germline GATA2 mutation from 53 pedigrees. These 79 patients include 14 previously identified patients through the French Chronic Neutropenia Registry; 11 their follow up has been up-dated. This survey allows human GATA2 deficiency to be more accurately defined, taking advantage of a very long follow-up period (2249 patients/years). We describe the initial manifestations, their evolution, and their outcome regarding the onset of severe manifestations (leukemia, severe infections, vascular defects). This large cohort also allows new features of the disease to be described.
Methods

Patients
All patients with heterozygous germline GATA2 mutations diagnosed between 2011 and 2016 in France and Belgium were enrolled in this survey, secondary to their identification through the laboratories which performed their genetic diagnosis in France and Belgium (JB, CBC, HC-AC, ED, CP). Fourteen patients with chronic neutropenia, and who were registered in the French Severe Chronic Neutropenia Registry, had been reported previously. 11 This registry has been recognized as a national registry by the French health authorities since 2008, and has contributed to several studies. 15, 16 The database was approved by the French national data protection agency (CNIL, certificate n. 97.075). This registry was primary established to enrol all the patients with chronic neutropenia in France. By extension, all patients identified with a given genetic disease (e.g. GATA2 ) occasionally associated with a chronic neutropenia can be enrolled in the registry. With regards to GATA2 mutations, we systemically seek additional sources of enrollment, extending the borders of the initial network to internal medicine, infectious diseases and genetics, as well as from adult hematopoietic stem cell transplantation (HSCT) units.
Genetic analysis
The patient or his/her parents gave their written informed consent to undergo genetic testing and participate in the study. Genomic DNA was extracted from a blood sample. Genetic analysis included the Sanger sequencing of exons 2 to 6, the intronic regulatory region (intron 4) of the GATA2 gene (NM_032631.4), and the search for exonic or large genomic deletions by quantitative PCR and/or MLPA. The germline status of the identified GATA2 mutation was confirmed by analyzing non-hematopoietic tissue (cultured skin fibroblasts, hair follicles or nails) in 30 probands. Null mutations (nonsense, frameshift, multi-exon deletion) were considered to be diseasecausing. The pathogenicity of missense mutations and splicesite variants that did not affect the canonical +1 and +2 splice site bases were based on the following criteria: frequency in the general-population database [Exome Aggregation Consortium (ExAC): http://exac.broadinstitute.org], literature that took into account mutations that were previously reported as a GATA2-associated defect, functional studies supporting a damaging effect, a de novo occurrence, family segregation analysis, and finally predictive algorithms of pathogenicity for missense mutations [SIFT, Align GVGD, PolyPhen-2 and Combined Annotation-Dependent Depletion (CADD) score, and for splice-site defects (MaxEntScan and Human Splicing Finder)].
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Clinical investigation
Demographics, immuno-hematologic parameters and infectious status were recorded. Septicemia, cellulitis, pneumonia, osteitis, and liver abscess were considered to be severe infections. Computed tomography (CT) scans, bronchioalveolar lavage and pulmonary function investigations were performed in patients with lung disease. Profuse skin or genito-anal warts were considered to be a specific event. Mycobacterial infections were considered if mycobacteria were identified in a pathological tissue (Ziehl coloration and/or culture in 14 of 16 patients). Mycobacterial infection was suspected if the tissue sample demonstrated granuloma, and/or clinical symptoms were cured by antimycobacterial drugs (2 out of 16 patients).
Immunoglobulin levels were analyzed according to the patient's age. 18 Age at first symptom was defined by the age at the first clinical pathological manifestation among the following list: myelodysplastic syndromes (MDS) or acute leukemia (AL), any severe and potentially life-threatening infection, lymphoedema, pulmonary proteinosis, or profuse human papillomavirus (HPV) infection. A GATA2 mutation carrier was considered asymptomatic if no clinical and/or biological symptoms were described at the last follow-up visit. Siblings or parents of probands were considered as carriers of the familial GATA2 mutation if they presented with one of the typical manifestations of the GATA2 deficiency, even in the absence of genetic testing.
Hematologic features
Blood counts were recorded at baseline if available, at any period following a hematologic complication, and after HSCT (if applicable). Bone marrow studies were performed in the event of blood count abnormality. Hematologic malignancies were classified according to the 2008 World Health Organization (WHO) classification. 19, 20 MDS was classified according to the revised version of the International Prognostic Scoring System (IPSS) 21 and juvenile myelo-monocytic leukemia (JMML) was classified according to the 2016 WHO classification.
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Statistical analysis
Stata® software (v.13) was used for all the statistical analyses. Lower and upper interquartile and median values express the distribution of quantitative variables. Differences between groups of patients were analyzed using Fisher's exact test if the event was discrete and Wilcoxon's test for quantitative variables. Survival was compared between the groups of subjects using the log-rank test, and Cox's model was used for the multivariate analysis. As we performed repeated tests, P<0.01 was considered significant, unless otherwise stated. For survival, the end points were death, MDS or AL; the time-period started at birth until an event or the day of last news. We also analyzed survival after onset of a clonal event. The time period started from the first clonal event (MDS or AL) until death or the day of last news. The Kaplan-Meier method was used to estimate survival rates. The cut-off date was 30 th September 2016.
Results
Early onset of severe infections and/or hematologic diseases in GATA2 deficiency
Forty males and 39 females from 53 families with a heterozygous germline GATA2 mutation are herein reported (Table 1 and Online Supplementary Table S1 ), including 14 previously described patients, 11 whose clinical and biological data have been up-dated. The patients were enrolled in France (n=72) and Belgium (n=7). Median age at the last follow up was 24.5 years old (range, 3.9-73). The probability of remaining symptom-free was 38% at the age of 20 (95%CI: 27-48.7%) and 8% at the age of 40 (95%CI: 3.3-15%) ( Figure 1A ). All patients except 5 were symptomatic at the time of the last follow up. These 5 individuals were first-degree relatives of symptomatic patients with a GATA2 mutation (Online Supplementary Table S2) . Median age at onset of the first clinical symptom was 18.6 years (range, 0-61) ( Figure 1A and Online Supplementary Table   S1 ). Initial manifestations were a hematologic malignancy in 19 patients (26%), a severe bacterial infection in 17 (23%), profuse warts or HPV in 15 (20%), lymphoedema in 7 (9.4%), or a mycobacterial infectious disease in 6 (8.1%). Blood counts of patients with opportunistic infections (HPV, mycobacteria, mycosis, the JC virus) were systematically abnormal (monocytopenia, neutropenia, pancytopenia, severe anemia).
Additional clinical features in GATA2 deficiency
Outside hematologic and infectious clinical presentations, erythema nodosum/panniculitis (4 patients), mental retardation (1 patient), transient ischemic cerebral palsy (1 patient), and progressive multifocal leukoencephalopathy linked to the JC virus (PML, 1 patient) were the initial symptoms in 7 patients.
Over the course of the disease, 9 patients had systemic inflammatory manifestations with panniculitis, vasculitis, Sweet's syndrome, lupus-like disease or granulomatous disease mimicking sarcoidosis. Of note, auto-immune markers were present in 12 patients, which may be an underestimation because they were not sought for in all patients (Table 1) .
Chronic lymphoedema was noted in 12 patients (15%). Vascular and/or thrombotic complications were observed in 7 patients: 2 patients presented with transient cerebral palsy, one patient presented with splenic-vein thrombosis after a splenectomy and mycobacteriosis, one patient presented with 3 deep-vein thromboses in a context of AL, one patient presented with deep-vein thrombosis and pulmonary embolism while receiving treatment for breast cancer and MDS, one patient presented with myocardial infarction at the age of 40, and one patient died from aortic dissection at the age of 33 years (Table 1) . Only 3 patients had pulmonary alveolar proteinosis and one patient in the cohort was deaf. Four patients had urogenital abnormalities. Three patients had been born prematurely, 2 women suffered from miscarriages, and one patient had hypothyroidism.
At diagnosis, the majority of GATA2 deficient patients had abnormal blood parameters Sixty of the 74 symptomatic patients were free of hematologic malignancy at diagnosis. A blood count was available for 49 patients before hematologic evolution. The 
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blood count was abnormal in 36 patients (73%): 24 patients (49%) had monocytopenia lower than 0.1 G/L, 19 patients (39%) had neutropenia lower than 1.5 G/L, 9 patients (18%) had platelet levels lower than 100x10 9 /L, 7 patients (14%) had macrocytosis, and 5 patients (10.2%) had anemia lower than 9 g/dL (Online Supplementary Figure  S1) . Consequently, 36 out of these 49 evaluable patients (73%) had an abnormal blood count.
Immunological data were available in 38 patients: T-cell counts were slightly decreased (median 0 
More than 80% of patients presented with a hematologic malignancy at the age of 40 years
Among the 74 symptomatic patients, 64 developed a hematologic malignancy (MDS and/or AL). The risk of developing MDS/AL rapidly increased from 6% at the age of 10 years to 39% at the age of 20, and 81% at the age of 40 ( Figure 1B) . Among the 64 patients, the initial diagnosis was MDS in 55 patients (69%), AL in 7 patients (9%), and chronic leukemia in 2 patients (3%). Among the 55 patients with an MDS, a progression to AL was observed in 9 patients (16%) (Figure 2A ). The AL were mainly myeloid (AML), but we observed a case of T-cell acute lymphoblastic leukemia with a monosomy 7. In addition to these hematologic complications, a juvenile myelomonocytic leukemia (JMML) case occurred in a neonate. This patient received neither chemotherapy nor allograft. This patient's blood count is normal four years after diagnosis without any treatment.
Karyotypes were abnormal in 43 of 66 patients (65%), with a complete or a partial loss of chromosome 7 in 27 cases (35%), trisomy-8 in 16 cases (18%), 4 patients combining the two ( Figure 2B) .
In order to better define the prognosis of MDS, the IPSS-R 21 was calculated for 47 of 55 patients upon diagnosis of MDS. The prognosis was mainly intermediate (1.5-4.5) in 24 patients (51%), high (>4.5) in 13 patients (27%), and low (<1.5) in 10 patients (21%). There was no significant difference in the age of the patients between these 3 groups.
Low frequency of solid neoplasia
Solid tumors were identified in 6 patients only, mainly secondary to HPV (3 cases). In addition, one woman developed breast cancer, one patient developed a metastatic adenocarcinoma, and one patient developed an epidermoid carcinoma.
Severe infectious diseases explain the high mortality
Severe bacterial infections were the most frequent feature, occurring at some time over the patients' lives in 44 cases (56%). The 20-year cumulative rate of bacterial infection was 33%, rising to 64% at the age of 40 years ( Figure 1E ). Lung infections were the most frequent (two-thirds of all cases) and, although they evolved haematologica | 2018; 103(8) 
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favorably with antibiotics, recurrences were frequent. Nine patients had bacterial soft-tissue infections, and 5 had ENT infections. Twelve patients had a non-tuberculous mycobacterial infection ( Figures 1C and 3 ) (Mycobacterium avium, kansasii, chelonae, genavense), and 4 patients developed tuberculosis. These mycobacterial infections were concomitant with MDS in 7 cases. The risk of acquiring a mycobacterial infection increased with age: 9% at the age of 20 years to 42% at the age of 40 years. Severe viral infections led to death in 4 patients: H1N1 influenza five years after AML treatment (Figure 3) , Epstein-Barr virus (EBV) lymphoproliferative disease after HSCT, HPV-related metastatic carcinoma and a progressive multifocal leukoencephalopathy caused by the JC virus which was the first manifestation of the disease. Cutaneous or genital recurrent HPV-induced warts were often the first reported symptom (32 cases, 40%), with 20-year and 40-year rates of 25% and 50%, respectively (Figures 1 and 3) . A high resistance to local treatment and frequent recurrences were common. Two patients developed a neoplasia.
Eighteen fungal infections were observed in 16 patients (11 cases of aspergillosis, 5 of candidosis, and 2 of mucormycosis). Eight of these 18 infections were diagnosed during chemotherapy (n=5) or HSCT (n=3) ( Figure 1F ).
Several infectious complications appeared post HSCT (3 fungal, 1 viral and 2 bacterial infections related to HSV, 2 patients with EBV prior to the HSCT had recurrence of this virus after HSCT, which evolved to lymphoproliferative disease in 1 patient) (Online Supplementary Table S1 ).
The course of infection was complicated by hemophagocytic syndrome in 6 patients (2 mycobacterial, 1 fungal and 3 viral infections).
A poor survival rate was observed in GATA2-deficient patients despite aggressive treatments
In our cohort, 27 patients (34%) died at a median age of 29 years (range, 10.2-72.6). Survival analyses demonstrated a poor outcome: mortality was 6% at the age of 20, 42% at the age of 40, and 69% at the age of 60 ( Figure 4A ). Probability of survival after a clonal event (MDS and/or AL) was 60% by the age of 40 ( Figure 4B ). The 5-year survival rate in patients with MDS regarding the 3 IPSS-R groups was: 30% in the high-risk group, 80% in the intermediate-risk group, and 100% in the low-risk group (P<0.001) ( Figure 4D ). Of note, severe bacterial and/or viral complications were the main causes of death in patients over the age of 40 ( Figure 2C) .
Myelodysplastic syndromes and AL were the main causes of death in 15 patients: 8 cases after chemotherapy, and 7 after HSCT. Ten patients had lethal infections: disseminated mycobacterial infections in 3, bacterial infections in 3, and severe viral infections in 4 (JC virus encephalitis, oncogenic HPV, H1N1 flu, and EBV lymphoproliferative disease post HSCT). One patient died from an aortic dissection and another from metastatic carcinoma.
Twenty-eight patients underwent HSCT for MDS or AL and/or immune deficiency. The overall survival rate of these patients was 73% after one year and 62% after five years, which then plateaued. Nine of the 28 patients died from severe infections or graft-versus-host disease. Survival after HSCT was dependent on the age at transplantation (Figure 4) : the earlier the HSCT was performed, the better the outcome, even if the difference was not statistically significant.
In cases of AL (n=18), an aggressive chemotherapy induction regimen was proposed for 16 patients, with primary failure in 12 and severe infectious toxicity in 9 cases (5 cases of fungal infection). A demethylating agent was given to 3 patients and has allowed long-term disease management for MDS (n=1) and AML (n=2). 
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Genotype/phenotype correlation: leukemia was more frequently observed in patients with missense mutations
Among the 53 probands, 45 different mutated alleles were identified (Online Supplementary Table S1 ). Mutations were mainly located in exons 4 and 5 ( Figure 5 ). Four patients (8% of the cohort) had a complete heterozygous GATA2 locus deletion. Five mutations were recurrent in unrelated families (R362X, R361H, A372T, R396W, R398Q). Some residues tended to be mutated: T354 (P or R), R361 (G or H), R362 (P or X), R396 (W or Q), R398 (W or Q) ( Figure 5) . We identified 19 different missense mutations in 24 probands and 14 relatives (46%), 7 nonsense mutations in 10 probands and 4 relatives (17%), and 11 small deletions or insertions leading to predicted stop codons (21%). There were 2 splice defects (4%), one in frame duplication (2%) and one intronic variant (2%) located in the regulatory element of intron 4, ( Figure 5 and Online Supplementary Table S1 ). The germline status of the GATA2 mutations was confirmed in 30 probands. The other 23 mutations were highly suspected to be germline as the variant allele frequency was close to 50%. Parental segregation was analyzed in 27 pedigrees. In 6 probands, the GATA2 mutation occurred de novo (P1, P9, P33, P35, P47 and P52).
There was no significant difference in median age at diagnosis between probands and relatives. If we consider 2 groups of mutations based on the type of mutation (missense vs. nonsense/frameshift), no genotype/phenotype correlation could be highlighted regarding infection, warts, MDS, neoplasia or inflammatory complications. By contrast, there was a significant risk of developing leukemia in the group of patients with the missense mutations (14 of 38) versus the group with nonsense or frameshift mutations (2 of 28; P=0.007, Fisher's exact test) ( Table 2) .
Discussion
This large cohort with germline GATA2 mutation has the longest follow up (2249 patients/year) of any study. The homogeneous and exhaustive available clinical and biological data allow key clinical points regarding the disease to be described: the majority of patients (>90%) will present with a life-threatening hematologic and/or infectious manifestation by the age of 40. Within the first decade, disease presentation is limited to common bacterial infections or lymphoedema. During the second decade, patients may present with infections and/or inflammatory disease and/or hematologic transformation. Monocytopenia was frequent even without any other detectable hematologic disease.
Our study also confirmed that hematologic complications are the major issue of the GATA2 deficiency: the probability of developing MDS and/or AML rapidly increased from 39% at the age of 20 to 80% at the age of GATA2 deficiency French/Belgian cohort haematologica | 2018; 103 (8) 1285 whole locus deletion including the del3q21 are in orange, nonsense mutation in the top of the schematic protein is in red, missense mutations are in green, small deletion in the bottom of the scheme is in brown, intronic mutation and splice defects are in blue, at the bottom, and mutation of the enhancer is in dark blue. Recurrence of mutations is specified in brackets. 40. Eighteen patients developed acute or chronic leukemia. In addition, we identified a second patient with acute lymphoblastic leukemia (ALL). 23 The GATA2 transcription factor is crucial for hematopoietic stem cell selfrenewal and differentiation, 24, 25 but also for B-and T-cell development in vitro, as shown in a recent murine lowlevel GATA2 overexpression model. 26 Only 4 of 18 patients survived (2 after HSCT, one after azacitidine treatment, one JMML). Most of the other 14 died from infections and/or progressive hematologic disease. Longterm survival of our cohort is poor, with a high rate of mortality (probability of 42% at the age of 40, 69% at the age of 60). Classic chemotherapy strategies were revealed to be toxic and poorly efficient, and HSCT is hampered by the very high rates of toxicity in these patients.
Early deaths were caused by the association of hematologic malignancies with severe infections. We propose to identify the patients at risk of evolution towards leukemia using the IPSS-R score. 21 Moreover, secondary somatic mutations occur, which leads to leukemic transformation in patients with a GATA2 mutation. ASXL1 mutations were implicated in the first reports, 27, 28 then mutations in the RAS pathway and in the AML/MDS mutated genes. 29 Some patients have a long history of low-risk MDS before it evolves into an aggressive disease, thus underlying the importance of identifying the markers that precede this hematologic evolution to help clinicians. Importantly, our study showed that the earlier HSCT is performed, the better the outcome. The question of timing of pre-emptive transplantation is still a subject of debate, but the improved overall survival of patients with refractory cytopenias suggests that early HSCT is a reasonable approach. Identification of additional somatic mutation in patients with MDS may prompt clinicians to perform HSCT.
Our series confirmed the heterogeneity of the GATA2 mutational spectrum, with 45 different alleles including 26 new mutations. The previously published series have not reported correlations between genotype and phenotype, with the exception of null mutants which seems to be associated with an increased risk of lymphoedema in the US cohort. 13 In our cohort, patients with missense mutations had a higher risk of developing leukemia than patients with frameshift or nonsense mutations. These data may suggest that the translated mutated GATA2 protein resulting from missense mutations is dominant negative and/or promotes leukemogenesis in contrast to frameshift or nonsense mutations, which may lead to haploinsufficiency. Recently, Chong et al. reported that the most prevalent GATA2 missense mutations (gT354M, gR396Q and gR398W) exhibit differences in the age of leukemia onset, supporting the concept of different functional consequences of GATA2 mutants. 30 Our observation is reported for the first time and may also help clinicians to choose the best therapeutic option, especially an aggressive treatment for the disease. Further functional studies are needed to demonstrate this hypothesis.
Severe and recurrent bacterial infections are frequent at diagnosis, and persist throughout the patient's life. A mild defect of immunoglobulin production or a weak vaccinal response had also been reported in patients with a GATA2 deficiency. 31 There is a lower incidence of mycobacterial diseases in our cohort (40% of the patients at the age of 40) than previously reported, 13, 14 occurring after the age of 20 in the majority of patients.
All patients with mycobacterial disease have abnormal blood counts, monocytopenia (10 of 16), MDS (9 of 15) or both (7 of 15). The relatively low frequency of mycobacterial infection may be explained by the severity of disseminated infection leading to death or drastic treatment (such as HSCT) to avoid recurrence. Some patients experienced successive diseases with different species of environmental mycobacteria, suggesting that immunological memory is not efficient in patients with GATA2 mutations. Fungal infections occurred in 18 patients. Aspergillosis was always associated with neutropenia, as a consequence of GATA2 deficiency or secondary to the chemotherapy.
Multiple cutaneous and genital warts at presentation are frequent (32 patients). Recurrent and life-threatening oncogenic HPV lesions led us to recommend early HPV vaccination, as proposed in WILD syndrome, 32, 33 which is maybe a clinical variant of GATA2 deficiency. 34 Interestingly, one patient developed new HPV lesions after HSCT, raising the question of HPV genome persistence in epithelial cells, or a specific role for GATA2 in keratinocytes in the host control of HPV. It suggests that early HPV vaccination should be proposed in mutated patients. Susceptibility to severe viral infections led to 4 deaths in our cohort. One patient died from PML caused by the JC virus as the first manifestation of GATA2 deficiency; NK cell deficiency, 35 monocytopenia and dendritic cell deficiency 5 probably contribute to this immunodeficiency. New clinical presentations were identified in our survey. Auto-immune or chronic inflammatory disorders, such as lupus, sarcoidosis-like disease, Sweet's syndrome, panniculitis are recurrent. Lupus-like symptoms and autoimmune hepatitis have also been described in GATA2 deficiency. 14, 36 Given the occurrence of mycobacterial disease, infection should be investigated in patients with proven granuloma.
Beyond the marked clinical heterogeneity of GATA2 deficiency, we also described 5 asymptomatic cases, including that of a 60-year old patient, raising the possibility that clinical penetrance is not complete. To evaluate clinical penetrance, genotypes of all first degree relatives of patients must be available. Moreover, these observations should lead to systematically testing a potential relative considered for donation when an HSCT with a sibling donor is feasible.
This multicenter study was a unique opportunity to provide an extended and detailed clinical picture of GATA2 deficiency, which is a severe disorder that combines immunodeficiency, hematologic malignancy, pulmonary, dermatological and vascular diseases. It highlighted the fact that patients with GATA2 missense mutations have a high risk of developing leukemia and that this may be prevented by early HSCT with the help of new markers (identification of additional somatic mutations).
